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SUPPLEMENTARY NOTES
To be published in Physical Review B Journal. Theoretical treatments of electrical transport in amorphous metals are usually performed at constant volume, although mast experimental studies are at constant pressure. Recent studies of the influence of pressure on electrical resistivity of a variety of amorphous metals indicate that expansion effects can not be ignored in a theoretical description of temperature dependence of the isobaric
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INTRODUCTION
Experimental determinations of the temperature T dependence of the electrical resistivity p in amorphous metals have generally been made at constant pressure P. Nevertheless, most theoretical studies of electrical transport in amorphous metals have treated the variation of p with T at constant volume V. This has been the case because: (1) there were few published measurements of p(T) at pressure; (2) the available data did not seem to show any regularity; and (3) the early experimental studies (refs 1,2) which were performed in high P, TI-l-based, amorphous alloys, exhibited pressure coefficients of resistivity that were considerably smaller in magnitude than those in lower p, crystalline alloys (ref 3).
However, recent experimental studies of the effects of pressure on electrical transport in amorphous metals by Fritsch, \.; Tiller, Wildermuth, and Luscher (ref 4) indicate that.thermal expansion effects cannot generally be ignored. Recently, Hafner (ref 5) found that thermal expansion effects are important in determining the T-dependence of p at constant pressure in a-Mg7Zn3 in a pseudopotential based, diffraction model calculation. Furthermore, reexamination of the early data, assuming reasonable values for the bulk moduli BT, suggests that thermal expansion effects can also be important in high resistivity alloys.
Thus, it is our objective to give a simple description of the way that thermal expansion effects influence the p(T) in amorphous metals. Although we present examples in the context of the diffraction model, our principal results are not transport model specific. Our approach is to assume that
References are listed at the end of this report.
1 macroscopic properties such as Br(T), the Gruneisen constant 1(T), atnp/3tnVIT, etc., are given and that the thermal expansion (i.e., V(T)) is described by Gruneisen's law (ref 6) . This approach is in contrast to the tour de force of Hafner (ref 5) , in which all relevant quantities are computed from first principles using pseudopotential methods specifically for a-Hg7Zn3
THEORY
The variations of p with volume variations produced by thernal expansion are small compared to p for 0 < T < 28 in amorphous metals. Thus, one may expand p in a Taylor series in tn(V) and neglect terms higher than first order:
where the thermal expansion part, atnpl
and V 0 is the mean atomic volume at 0°K and one atmosphere. Similarly, the isochoric variations in p are small compared to p for 0 < T < 28 so that we may rewrite Eq. (1) as
where P 0 = p(O,V 0 ) and R(T,V 0 ) is the isochoric relative change in resistivity, i.e.,
Note that we drop the higher order R(T,V 0 ) Q(T,V) term to obtain Eq. (2) .
Thus, Gruneisen's law (ref 6) of thermal expansion yields at constant pressure: (3) where €(T) is the mean thermal energy, y is the Gruneisen constant, and BT is the bulk modulus. The mean thermal energy can then be evaluated for a Debye model, yielding where N is the avagodro's number, kB is the Boltzmann constant, and
The limiting forms of F(T/8) are and F(T/8) describe the T-dependence of €(T) and the lattice specific heat Cv(T), respectively, in the Debye model. We shall see below that the thermal expansion part of the isobaric p(T) is proportional to F(T/6) and that the thermal expansion coefficient is proportional to F'(T/8).
Thus, our principal result at constant pressure is where
T,V 0 and R(T,V 0 ) is the isochoric relative change in p defined in Eq. (2a). The Tdependence of K(T) is much weaker than that of F(T/8). Moreover, at low T, 3 where the temperature variation of K(T) is largest, F(T/8) varies very rapidly with T (i.e., like T 4 ) and is small. Thus, it is a good approximation to neglect the T variation of K(T) and to use K(T) ~ K(8).
An alternate expression for K (8) can be derived in terms of the thermal expansion coefficient Sv(T),
where we have neglected the E(T) 3(y/BTV 0 )/aT term and a term arising from ae;aT. (Equation (7) is equivalent to Eq. (9) of Reference 5.) Then substituting Eq. (7) in Eq. (6b) at T = 8, one finds
e,vo ( 8) (Equivalent expressions can be given if Sy(T) is known at some other T.)
Equations (5), (6a), and (8) thus also serve as a basis for the discussion of thermal expansion effects in electrical transport. Clearly, if K(T) is known one can use Eqs. (5) and (6) without further approximation to describe the thermal expansion part of p(T).
Frequently, the pressure coefficient of resistance IT is experimentally accessible rather than atnp/3inVI T,V 0
One then employs
where R is the resistance.
-Br(T)IT(T) + 1/3 (9c) We will refer to isochoric and thermal expansion parts of the isobaric temperature coefficients of resistivity defined as 3tnpl r -----1 
Note that the description of thermal expansion effects on electrical transport presented here is model independent. That is, no matter which
technique is used to compute the isochoric relative change in P (i.e., R (T,V 0 ) in Eq. (15)), a thermal expansion correction Q(T) is required to obtain the isobaric p(T). The thermal expansion_term will be observable in p(T) whenever IT (or 3tnp/3tnV) is sufficiently large in magnitude. Equation (6) Since a-Hg7Zn3 is the only low resistivity alloy with known IT (ref 4), we will provide a somewhat extended description of the status of the theoretical work on this alloy and the importance of thermal expansion in determining P(T). All the calculations have been performed in the context of 9 ) (the diffraction model). T and for w = +0.5, the maximum in p(T) is gone and r is positive. Figure 5 shows results in the constant t-matrix approximation (as in Figure 4 ) with 2kF = 1.3 kp and qnA = 6. These curves are thus appropriate to larger electron per atom ratio z and resistivity than those shown in Figures 2   through 4 . We would not consider a calculation for qnA = 6 as representative of low p alloys. The isochoric p(T) has a small negative r and a maximum near 8/4, the positive w curves have positive r and no maxima, the curve for w -0.2 has a small maximum near 6/6 and negative r, and the·curve for w = -0.5 is monotonic decreasing. should note that the higher p amorphous alloys tend to be less compressible than the low p alloys so that the narrowing of the envelope of the IT versus P data may be equivalent to a P independent envelope for (3tnp/3tnV) T,V 0 versus p. representative of low p ( p < 100 ull.cm) alloys, which are generally H-t-1 systems. We keep in mind that in general w(T) will be T-dependent and allow for the possibility of !-dependent linear interpolation or extrapolation of these curves. The form of F(T/8) shown in Figure 1 can, of course, be combined with arbitrary isochoric p(T,V 0 ) (or R(T,V 0 )/a) and appropriate K(T) (or w(T)) to obtain isobaric p(T) (or r(T)) curves. Values of IT are not available for M-}1 and/or low resistivity amorphous metals, with the notable exception of a-Mg7Zn3. However, the preponderance of relatively large negative isobaric r values in the alloys studied (refs 7,21) and the observation in a-Mg7Zn3 suggests that positive or small TI, and hence negative or small w(T), may be appropriate for these low resistivity alloys.
3. Alloys having negative r exhibit either monotonic decreasing p(T) or a maximum in p(T). The p(T) exhibiting a maximum often exhibit a minimum in p(T) at a lower T as well. In some of the cases where a minimum is not observed, the possibility of the observation of a minimum is precluded by lack of experimental precision or a transition to the superconducting state.
Monotonic d~creasing p(T~ is usually observed·in high p cases (refs 9,20) and the maximum (with or without minimum) in p(T) is usually observed in low p or moderate p cases. (We suggest that these forms for p(T) result from Pippard-Ziman saturation (refs 9,11-13) with appropriate qDA.)
The effect of thermal expansion on p(T) having a maximum for positive (negative) w(T) is to increase (decrease) the size of the maximum and to move the maximum to higher (lower) temperature than given by isochoric theory. It is also possible for thermal expansion with positive w(T) to produce isobaric p(T) with minimum and maximum for monotonic decreasing isochoric p(T,V 0 ) and vice versa. (Note that thermal expansion described by Gruneisen theory, i.e., Eqs. (3) and (4) 
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